V
iruses often serve as tools to solve basic questions in biochemistry and structure biology. For example, many biochemical pathways have been discovered because viruses commandeer the cellular machinery for transcription, translation, and protein targeting and use these pathways for their own purposes. Thus, analyses of these viral pathways have helped to uncover many basic cellular mechanisms, which otherwise would have been difficult to study (1) . Likewise, because of their small size, structural studies on virus proteins have often served to understand the basic architectural features of more complex homologous proteins (2) .
A current topic in cell biology that can be studied with viral proteins is the question of how structurally similar membrane proteins or even the same protein are targeted to either the endoplasmic reticulum (ER) or the mitochondria (3, 4) . Hydrophobic membrane proteins such as ion channels, which end up in the plasma membrane, are generally cotranslationally targeted into the ER and then shuttled through the secretory pathway to their final destination. Targeting nascent polypeptide chains to the ER is mediated by a hydrophobic signal sequence, which eventually guides the protein to the translocon (5) . However, the same type or very similar proteins, which are functional in the plasma membrane, are also located in other membrane-enclosed compartments, such as mitochondria or chloroplasts (3, 4, 6) . One example of such dual localization is K ϩ channels; for example the Kv1.3 channel is present in both the plasma membrane and in the inner membrane of the mitochondria (7) . At present it is not understood how these proteins are targeted to the mitochondria. One possibility is that they are synthesized in the cytoplasm and sorted directly to the mitochondria. The mechanisms and topogenic information in the proteins, which are responsible for the differential synthesis and targeting of similar membrane proteins, are unknown.
We have recently identified a protein (Kcv) encoded by Paramecium bursaria chlorella virus (PBCV-1) (family Phycodnaviridae) that forms a functional K ϩ channel in heterologous cells (8) . Kcv has a monomer size of 94 aa and is the smallest protein known to form a functional K ϩ channel. Nonetheless, Kcv is predicted to have all of the structural features typical of eukaryotic and prokaryotic K ϩ channels (8, 9) . Heterologous expression of Kcv, as well as reconstitution in planar lipid bilayers, results in a characteristic K ϩ -selective, Ba 2ϩ -sensitive, and moderately voltage-dependent conductance (8) (9) (10) . This means that this small viral protein contains all of the information for targeting the protein to the plasma membrane. The present study compares Kcv with another viral K ϩ channel, Kesv. The Kesv channel is coded by virus EsV-1 (Ectocarpus siliculosus virus-1); like PBCV-1, EsV-1 is a member of the family Phycodnaviridae. The Kesv protein is 124 aa long, and it is predicted to form a 2-transmembrane domain (TMD) K ϩ channel that is structurally similar to Kcv and to eukaryotic K ϩ channels (11) . Data presented in this report show that, despite their structural similarity, the 2 viral K ϩ channels are sorted to different cellular compartments. Kcv enters the secretory pathway and reaches the plasma membrane, where it produces a measurable conductance. The second channel, Kesv, is sorted to the mitochondria. Mutational analyses and domain exchange experiments between the 2 channels resulted in the identification of 2 sorting signals in Kesv: a mitochondrial targeting sequence located at the N terminus, and structural features in the downstream end of the second TMD. Modifications of the latter allow switching of channel sorting between mitochondria and the secretory pathway. These results suggest that a competition between sorting signals determines the destination of a K ϩ channel protein.
Results
K ؉ Channel Gene in EsV-1. The genome of the phycodnavirus EsV-1 contains a 124-codon ORF (ORF 223) with all of the elements (e.g., 2 TMDs, selectivity filter) of a eukaryotic K ϩ channel [11; supporting information (SI) Fig. S1 A] . Overall, the protein, named Kesv (12), has 29% amino acids identity with the prototype K ϩ channel protein Kcv from virus PBCV-1; however, the C-terminal portion of the 2 proteins has 41% amino acids identity (Fig. S1 A) . Accordingly, the 2 proteins have similar hydrophobicity profiles (Fig. S1B) .
To examine Kesv function we used yeast rescue experiments to test whether Kesv could function as a plasma membrane K ϩ channel. Double mutants of yeast (⌬trk1, ⌬trk2) are deprived of their endogenous K ϩ uptake systems and fail to grow in low-K ϩ medium (13); they only survive in a medium with high K ϩ concentrations ( Fig. 1 , Top row). When these mutants are transformed with the homologous TRK1, the human Kir2.1, or the viral Kcv genes, they regain the ability to grow in medium with low (0.5 mM) K ϩ concentrations (Fig. 1) . However, when the yeast mutants are transformed with Kesv, the cells are unable to grow in low-K ϩ medium (Fig. 1) .
The results of these experiments suggest that Kcv forms an active plasma membrane K ϩ channel, whereas Kesv does not. This assumption is consistent with electrophysiologic results: when Kesv or a Kesv-GFP chimera (Kesv:GFP) were expressed in either HEK293 cells or Xenopus oocytes we observed, in contrast to the results from a previous study (12) , only an occasional up-regulation of endogenous currents but no appreciable K ϩ conductance (Fig. S2 ).
Kesv Is Sorted to the Mitochondria. Figs. 2A and B show the cellular distribution of Kcv:GFP and Kesv:GFP in HEK293 cells, respectively. Kcv:GFP has a tubular-like distribution, indicating that it is located in membranes (Fig. 2 A) . A prominent ring-like staining always occurs around the nucleus owing to staining of the ER. The location of Kcv in the secretory pathway and in the plasma membrane is consistent with the ability to record a Kcv-mediated conductance in transfected HEK293 cells (10) and to rescue K ϩ transport-deficient yeast mutants (Fig. 1) . To test the bioinformatic prediction that Kesv is targeted to the mitochondria (Table S1 ) HEK293 cells were incubated with MitoTracker red (Invitrogen). Fig. 2 Aa-c and 2Ba-c show typical images of HEK293 cells transfected with either Kcv:GFP or Kesv:GFP, respectively, and stained with the fluorescent mitochondrial marker. The red channel shows that the MitoTracker stains internal structures with the typical hallmarks of mitochondria. An overlay of the images with MitoTracker red and GFP shows a pronounced colocalization of the colors, indicating that Kesv:GFP is located in the mitochondria ( The occasional colocalization at the edges of the mitochondria is due to limited resolution of the mitochondria from adjacent GFP-containing structures (Fig. 2 Ac, Inset) . The mean colocalization coefficient in Kcv:GFP-expressing cells is 0.14 Ϯ 0.08 (n ϭ 16) and significantly (P Ͻ 0.0001) lower than that obtained for Kesv:GFP-expressing cells [0.36 Ϯ 0.09 (n ϭ 16)].
Kesv:GFP differs as predicted from Kcv:GFP; it is not targeted to the secretory pathway but to the mitochondria. However, the images also reveal a high GFP background in the cytoplasm. The reason for this is not known, but the results indicate that any signal recognition machinery involved in mitochondrial sorting is probably not perfect. Kesv Is Actively Imported into Mitochondria. To examine the mitochondrial localization of Kesv further, the Kesv:GFP chimera and GFP alone (as a control) were translated in vitro and incubated with isolated mitochondria from yeast. The 35 Slabeled Kesv:GFP and GFP proteins are detected separately (Fig. 3A, lane 1) . After re-isolation of the mitochondria only Kesv:GFP remained associated with the mitochondria (Fig. 3A , lane 2). Further incubation of the isolated mitochondria with 600 mM NaCl did not disrupt the association of the protein with the mitochondria (Fig. 3A, lane 3) , indicating a tight association.
To test whether Kesv is imported into mitochondria, in vitro-translated and 35 S-labeled Kesv protein was incubated with isolated yeast mitochondria in the presence and absence of a membrane potential. The data in Fig. 3B show that Kesv is only imported in the presence of a membrane potential and that after uptake into mitochondria, Kesv is protected against externally added proteinase K. The results of these experiments suggest that the K ϩ channel is imported into the mitochondria in a voltage-dependent manner.
To examine the oligomeric state of the imported channel the 35 S-labeled Kesv protein was imported into isolated mitochondria as reported above. After removal of externally associated protein by incubation with proteinase K and re-isolation, the mitochondria were lysed by digitonin and the mitochondrial proteins separated by blue native PAGE (Fig. 3C) . A specific macromolecular complex of Ϸ40 kDa was detected only under conditions that favored uptake of Kesv. The molecular weight of this complex is similar to that predicted for a Kesv tetramer. The results of these experiments suggest that the K ϩ channel is present in the mitochondria as a functional tetramer.
To examine the import pathway of Kesv into the mitochondria we performed the same kind of import experiments with isolated mitochondria from either WT yeast or from yeast mutants without Tom22 (tom22⌬) (14). The Tom22 protein is an important component of the canonical mitochondrial import machinery; the absence of this protein destabilizes the TOM complex ( Fig. S3 ) and greatly reduces protein uptake by this pathway (14). A quantification of the import of radiolabeled Kesv into the mitochondria shows that the mitochondria from the mutant yeast fail to accumulate Kesv (Fig. 3D) . The results of these experiments indicate that Kesv is actively imported into mitochondria and that the outer membrane TOM complex is involved in the uptake of the protein.
The N Terminus of Kesv Is Not Essential for Mitochondrial Sorting.
Kesv has a hydrophobic N-terminal domain, which is longer than its Kcv counterpart (12; Fig. S1 ). This N terminus reveals several positive amino acids that, together with the predicted ␣-helical structure, are typical properties of a signal peptide for mitochondrial targeting (15) . Predictions indicated that Kesv has a high (P ϭ 0.8) and Kcv only a low (P ϭ 0.4) probability of being targeted to the mitochondria (Table S1 ). Indeed, a chimera (NT-Kesv:GFP) comprising the Kesv N terminus (M 1 -T 36 ) plus GFP was found to accumulate in the mitochondria of HEK293 cells; this apparent accumulation in the mitochondria, which occurs on a large background of GFP signal in the cytoplasm, did not occur when the 2 critical arginines (R 3 , R 4 ) in NT-Kesv:GFP were mutated to glutamines ( Fig. S4 A and B) . Collectively, these experiments support the prediction that the Kesv N-terminal domain could promote mitochondria import; the weak mitochondrial accumulation over a large cytoplasmic background nonetheless implies that this signal is not very strong.
To further test the signal peptide nature of the Kesv N terminus, we prepared 3 plasmid constructs to examine its significance in targeting the entire Kesv:GFP protein to the mitochondria: (i) mutations were produced in key amino acids in the putative Kesv signal peptide domain, (ii) the signal peptide was fused to Kcv, and (iii) the Kesv N terminus was replaced by that of Kcv.
The results with all 3 constructs in transfected HEK293 cells (Fig. 4 B and C and Fig. S4C ; see above) established that the Kesv N-terminal signal peptide is neither required for mitochondrial targeting nor strong enough to impose mitochondrial targeting. Fig. 4A shows an example of the distribution of Kesv:GFP containing the critical mutations (R 3 E, R 4 E) in the signal peptide. Despite the low predicted probability (Table S1 ), the construct still accumulates in the mitochondria (Fig. 4 A and C) . , and again re-isolated. The proteins were separated by SDS/PAGE and analyzed using a PhosphorImager. An aliquot of the reticulocyte lysate was included as a standard (lane 1). (B) 35 S-labeled Kesv was synthesized in reticulocyte lysate and incubated with isolated yeast mitochondria for 10 min. As indicated, the samples contained valinomycin (-⌬⌿), or the mitochondria were subsequently treated with proteinase K (ϩ PK). The mitochondria were re-isolated and analyzed by SDS/PAGE. (C) Radiolabeled Kesv was imported into mitochondria as in B, and the mitochondria were re-isolated and lysed in the presence of digitonin. The proteins were separated by blue native PAGE. (D) Kesv was imported into mitochondria that were in parallel isolated from a tom22⌬ strain (14) or from the corresponding WT strain. Samples were removed after different times of incubation as indicated and treated with proteinase K. The proteins were separated by SDS/PAGE, and the relative amounts were determined using a PhosphorImager. The highest value was set to 100% (control). The same result was obtained after mutating the 2 remaining positively charged amino acids (R 16 or K 25 ) in the signal peptide, which might be involved in mitochondrial sorting (Table S1) . Finally, when the entire N terminus of Kesv (M 1 -T 36 ) was replaced with the Kcv N terminus (M 1 -E 12 ), the protein still accumulated in the mitochondria (Fig. 4C) .
These results established that the Kesv N-terminal signal peptide was able to direct GFP to the mitochondria (Fig. S4 A  and B) . However, when the signal peptide was fused to Kcv, the protein sorted to the secretory pathway; thus the signal peptide failed to impose sorting to the mitochondria. This fusion protein still enters the secretory pathway (Fig. 4 B and C) .
Collectively, these experiments establish that the N terminus of Kesv is neither sufficient nor essential to determine the sorting of the channel proteins; other signals must be present in the 2 channels, which determine their destination. To identify other relevant sorting signals, we constructed a chimera protein [Kcv(P)Kesv:GFP] in which the pore of Kcv (E 30 -K 72 ) was replaced with the Kesv pore (D 60 -L 92 ). This chimera protein should reveal whether the sorting information is associated with the pore or with the transmembrane domains. The results show that this chimera is no longer targeted to the mitochondria but enters the secretory pathway when it is expressed in HEK293 cells (Fig. 5A ). This result implies that at least some sorting information is contained in the TMDs.
Interestingly, program TMHMM2.0, an algorithm that predicts the length of TMDs (16) , indicates that the first and second TMD of eukaryotic and prokaryotic K ϩ channel proteins with 2 TMDs are 23 aa long. However, the second TMD in the 2 viral channels is significantly shorter than those of all other K ϩ channels with the same predicted architecture. In particular, the length of Kesv TM2 is predicted to be 2 aa shorter than Kcv TM2 (Table S2) . Also, TM2 of Kesv is predicted to start further downstream than that of Kcv (Fig. S1 A) . These predicted differences in TM length and in position occur despite the high amino acids identity in this region for the 2 proteins.
To examine the relevance of the TMD length to channel localization and function, we extended the C-terminal portion of the Kesv TMD2 by adding 2-6 hydrophobic amino acids in position 113 of Kesv:GFP. The different constructs and their predicted effects on TM2 length and on the energy for partitioning into the membrane (17) are presented in (Table S2) . Fig. 5B shows an example of the cellular distribution of a Kesv:GFP protein in which TM2 was extended by 3 hydrophobic amino acids (IVL) in position 113. The protein no longer colocalizes with MitoTracker red but mimics the distribution of Kcv:GFP (Fig. 5 B and D) . This is apparent from the perinuclear distribution of GFP and the apparent separation of GFP and MitoTracker red fluorescence, as well as the low colocalization coefficient (Fig. 5D ). This same qualitative result was obtained if the extension consisted of the amino acid motif VVV rather than IVL (Fig. 5D) . Similar localization results were obtained if 2, 3, or 6 hydrophobic amino acids were inserted in this position (Fig. 5D) . However, visual inspection of the images, as well as colocalization analyses, indicate that sorting of the Kesv:GFP mutant to the secretory pathway is strongest when 6 aa are added to TM2.
After determining that the length of TM2 was important for sorting, we examined whether length was solely responsible for sorting. Therefore, the Kesv:GFP protein was extended by the 3-amino acids IVL at amino acids positions 108, 110, and 115. The resulting cellular distribution of these constructs was compared with that obtained with the extension in position 113. Inspection of the image (e.g., Fig. 5C ), as well as colocalization analyses (Fig. 5D) , reveals that the TM2 extension is position dependent and not determined by the physicochemical properties of the TMDs (Table S2) . Only extension of TM2 in the downstream end (Ն position 113) shifted sorting from the mitochondria to the secretory pathway. The 2 upstream extensions had no impact on sorting; a representative image of a HEK293 cell expressing Kesv:GFP with a 3-amino acids extension in position 108 indicates that this construct primarily colocalizes with the mitochondria (Fig. 5 C and D) .
Kesv with Modified Targeting Signals Generates K ؉ Conductance. The results suggest that redirection of a channel protein from sorting to the mitochondria to the secretory pathway leads to active channels in the plasma membrane. These results also predict that only those constructs that reach the secretory pathway should rescue the ⌬trk1, ⌬trk2 yeast mutant in low K ϩ . The results presented in Fig. 1 (Figs. 4 and 5) ] support yeast growth on low-K ϩ concentrations. Channel mutants that maintained their mitochondrial sorting did not rescue the yeast mutants on low-K ϩ medium (Fig. 1) . Worth noting is that this general conclusion is supported by the imaging data using GFP-tagged proteins as well as by the yeast rescue assay and the mitochondria import study (Fig. 3) , which both rely on untagged proteins. This means that the tag has no major impact on the general distribution of the proteins.
To further examine the ability of Kesv to function as a K ϩ channel we also tested 2 chimeras in HEK293 cells for conductance: (i) the chimera Kcv(P)Kesv:GFP, in which the Kcv pore domain was replaced with the Kesv pore domain (Fig. 5A) , and (ii) 2 mutants of Kesv in which TM2 was extended at position 113 by either 3 or 6 aa (Fig. 5B) . Data in Fig. S5 A and B show the typical current responses of HEK293 cells transfected either with GFP or with Kcv(P)Kesv: GFP in a standard clamp protocol. The current families and the I/V relations indicate that Kcv(P)Kesv:GFP-transfected cells produced currents different from WT cells but with features similar to those in Kcv:GFP-transfected cells (10) . The I/V relation had the typical Kcv features with a characteristic decrease in current at negative clamp voltages. The inward current in cells expressing this conductance was at a reference voltage of Ϫ100 mV, approximately 10 times higher than in non-or mock-GFP-transfected cells. Furthermore, the conductance of the Kcv(P)Kesv:GFP-transfected cells had a greater dependence on external K ϩ concentration than the controls (Fig. S5E) . On average, the reversal voltage shifted in the former cells for a 10-fold increase in K ϩ by 48 Ϯ 2 mV (n ϭ 8). The same increase in K ϩ only resulted in a shift of 13 Ϯ 4 mV (n ϭ 20) in control cells. This result implies that the increased conductance is due to a functional K ϩ channel. Hence the chimera containing the Kesv pore produces a conductance with features of a K ϩ channel. Similar currents were recorded, albeit at a lower frequency, when Kesv:GFP containing a TM2 extended in position 113 by either 3 or 6 aa (ϩIVL or ϩIVLIVL) was expressed in HEK293 cells (Fig. S5 C-E) . The K ϩ conductance was significantly elevated over that of control cells. It should be noted that the I/V relations of the 2 constructs (Kesv 113 IVL:GFP and Kcv(P)Kesv: GFP) are similar to one another. In both channels, the I/V relation has a characteristic saturation at very negative voltages.
Discussion
Viruses PBCV-1 and EsV-1 are both members of the family Phycodnaviridae and clearly have a common evolutionary ancestor. However, they have different hosts, habitats, and life cycles, suggesting that a long time has elapsed since they diverged (11) . Despite these differences, they both code for proteins that form K ϩ channels. One protein, Kcv, has previously been shown to form a functional K ϩ channel (8) . The present results show that a second virus-encoded channel, Kesv, has the functional properties of a canonical K ϩ channel in the plasma membrane of mammalian cells. However, channel activity only occurs after the protein is targeted to the plasma membrane. In contrast to a previous report (12), we found no Kesv-mediated plasma membrane conductance.
The discovery of 2 functional K ϩ channels in different viruses is interesting from a virology viewpoint. Both viruses have large genomes, Ͼ330 kb, and encode 231 (EsV-1) or 366 (PBCV-1) proteins. However, they only encode 33 proteins in common, including the two K ϩ channels (11) . Intuitively, one would predict that common conserved genes between the 2 viruses would encode proteins with a similar function(s) in the life cycles of the 2 viruses. The present experiments do not directly address the question of the function of the 2 K ϩ channels, but the fact that the 2 proteins have different targeting properties in heterologous systems suggests that they also have different functions in their hosts. The Kesv protein probably performs in the mitochondria of its host. Because of the central function of mitochondria in cells, these organelles seem to be a preferred target of viral channels. For example, the PB1-F2 protein from influenza A virus and the channel-forming p7 protein from hepatitis C virus are targeted to this organelle (18, 19) .
The most interesting finding in the present study is that both channel proteins are similar in terms of their predicted primary structure. However, in heterologous systems one channel is targeted to the plasma membrane through the secretory pathway and the other one into the mitochondria. The exact mode for the import is not yet known, but the data indicate that it occurs like that of many other hydrophobic mitochondrial proteins in a voltage-dependent manner through the canonical TOM complex. Once imported into the mitochondria the channel seems to assemble as a tetramer.
The sorting of viral channels in heterologous systems is artificial. Nonetheless, the differential sorting of the 2 viral channels occurs both in mammalian cells and in yeast. Hence, the results are not just a property of a specific cell type; the results reveal the mechanistic ability of cells to sort similar membrane proteins between mitochondria and the secretory pathway.
Import of proteins into mitochondria occurs through 1 of 2 pathways, each involving a distinct import machinery and sorting signals (20) . One pathway relies on a cleavable N-terminal targeting sequence, the other pathway, which is more characteristic of hydrophobic proteins, uses internal targeting sequences. The present data indicate that neither of these mechanisms is exclusively responsible for sorting the viral K ϩ channels. Targeting of these virus channels must be understood in the context of a concerted function of more than 1 sorting signal. Our results are consistent with the following model: the mitochondria-targeted Kesv channel has an N-terminal domain that resembles a cleavable mitochondrial signal peptide; like typical mitochondrial signal peptides it consists of an ␣-helix with positively charged amino acids (15) . Its function as a mitochondrial-targeting domain is supported by the fact that it can direct a GFP protein to HEK293 mitochondria. Nonetheless, this import signal must be weak in heterologous expression systems. In the context of the complete Kesv protein, this domain is neither required for mitochondrial targeting nor does it confer mitochondrial sorting when fused to Kcv. This finding is surprising because other membrane proteins targeted to the mitochondria require this N-terminal domain (21) . The import of a chimera containing the Kcv channel, with the Kesv N-terminal signal sequence, into the secretory pathway establishes that such a mitochondrial import signal is in context of the Kcv protein weaker than an intrinsic ER signal of the latter channel.
A strong sorting signal is associated with the fold in the downstream portion of TM2. The importance of this domain is revealed by the finding that certain site-specific Ն2-aa extensions to Kesv TM2 are sufficient to shift the destination of the protein from the mitochondria to the secretory pathway. These results convincingly demonstrate that the site-specific length of TM2, rather than an internal targeting signal (18, 22) , is responsible for sorting the channels between different destinations.
The present results are relevant in the context of a yetunresolved question about targeting membrane proteins in eukaryotes. It is not understood how the same or very similar proteins (4) or isoforms of membrane proteins, such as Kv channels or the ATP-regulated K ϩ channel protein, are sorted to the mitochondria, whereas nearly identical proteins travel to the plasma membrane (3). The present experiments provide some information on this process because the results suggest that the recognition sites for the import machineries into mitochondria and the ER have a high degree of tolerance. They can successfully compete for the same K ϩ channel proteins. Apparently, only minor structural differences in the TMD of a protein are sufficient to direct it to a sorting pathway. In this context, the sorting of K ϩ channel proteins can be understood in the same way as that of several other proteins for which a combination of sequence elements provides flexibility for protein targeting to diverse compartments (6) .
The fact that the decision for sorting relies on a structure near the C terminus of the 2 viral channel proteins is surprising. This result means that the sorting does not occur during the synthesis of these proteins because typically, direct translocation into the mitochondria or the ER proceeds in a cotranslational manner beginning with the N terminus of the protein. The C-terminal localization of the signal domain in the 2 viral proteins means that structural features, which affect protein folding/unfolding are probably essential for targeting the small viral K ϩ channel proteins (18, 23) .
The overall similarity in the architecture of the viral channels to eukaryotic K ϩ channels implies that similar mechanisms may also be relevant in the sorting of these eukaryotic channel proteins to different organelles. For expression in yeast, K ϩ channels and mutants were cloned into a derivative of pYES2 vector (Invitrogen) as described in ref. 25 .
Materials and Methods

Constructs and
Expression of Channel Proteins and Electrophysiology.
Cell culture, transfection protocols and methods for recording membrane currents in HEK293 cells were performed as described elsewhere (10) .
Confocal Microscopy. HEK293 cells were investigated approximately 24 h after transfection with a Leica TCS SP spectral confocal microscope equipped with an argon/krypton laser (Leica Microsystems). Images were acquired with an HCX PL APO 63ϫ/1.2w objective. EGFP was excited with a 488-nm argon laser line, and confocal sections were collected using a 505-530-nm emission setting. MitoTracker red CMXRos (Invitrogen) was excited with a 543-nm helium neon laser line and emission collected at 600 -630 nm. For mitochondrial staining, cells were incubated with 300 nM MitoTracker for 30 min before imaging. Images and colocalization were analyzed with ImageJ software (National Institutes of Health).
Saccharomyces cerevisiae Complementation Assays. Selection experiments were performed as reported (25) . Viral K ϩ channels or their mutants were transformed into SGY1528 yeast strain (Mat a ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 trk1::HIS3 trk2::TRP1), which are deficient in endogenous K ϩ uptake systems. Yeasts from the same stock were grown in parallel under nonselective conditions on plates containing 100 mM KCl and on selective conditions on agar containing 1 mM KCl or 0.5 mM KCl. Growth experiments were performed at 30°C.
Mitochondrial Import of Kesv. Transcription and translation as well as [ 35 S] methionine labeling were performed in a rabbit reticulocyte lysate Kit (T7 TNT Quick coupled transcription/translation; Promega) as described previously (26) . Mitochondrial import of radiolabeled proteins into isolated mitochondria from S. cerevisiae (WT YPH499) was examined according to standard procedures described earlier (26) . Isolated mitochondria were generally resuspended in buffer containing 250 mM sucrose, 1 mM EDTA, and 10 mM Mops-KOH (pH 7.2), without or with 600 mM NaCl.
Where indicated (-⌬), 1 M valinomycin was added to isolated mitochondria to discharge the membrane potential. All import assays were carried out at 25°C. For protease treatment, the samples were cooled to 0°C and incubated with 200 g/ml of proteinase K for 20 min at 0°C. The samples were subsequently incubated with 1.5 mM PMSF for 5 min at 0°C. The mitochondria were re-isolated by centrifugation (10 min 16 000 ϫ g) and analyzed by SDS/PAGE and fluorography. Blue native polyacrylamide gel electrophoresis was carried out by analyzing yeast mitochondria, solubilized in the presence of 1% (wt/vol) digitonin, in native conditions as described earlier (26) . The Kesv:GFP-expressing cells exhibit no significant increase in conductance. Only the SD is higher compared with the control. Occasionally we observed some cells with more current than control cells; one example is shown in (B). In these cases, however, the currents were insensitive to changes in the K ϩ concentration in the bath medium (data not shown) or to a replacement of K ϩ by Na ϩ (B). The steady-state I/V relation of the data in B reveals no appreciable difference between the currents recorded in K ϩ (open circles) or Na ϩ (filled circles) (C).
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Fig. S3.
Tom 22D mutant has a corrupted Tom complex. WT and tom22⌬ mitochondria, respectively, were lysed in the presence of digitonin and analyzed by blue native PAGE as described in Materials and Methods. The proteins were blotted on a PVDF membrane, and Tom40 was visualized using a polyclonal antiserum. The predictions were calculated using Mitoprot (1) and TargetP (2) prediction algorithms. The localization of the proteins either in mitochondria (mi) or the secretory pathway (sp) or in an undefined location (ud) was determined from confocal images.
